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I n t r o d u c t i o n
For the purpose of scientific classification, the types of colour vision of the human race may be divided into three main classes which in turn may be further sub divided. This classification may be arranged as follows:
Trichromats. This class contains those whose colour vision is a function of three variables, it being possible for an observer in this class to express the colour, C, uniquely by an equation of the type
where R, G and B may, for example, be the primaries of a colorimeter and ot, ft and y the amounts required to match the colour C.
This class may be subdivided into (a) persons with normal colour vision; (b ) persons with abnormal colour vision, called anomalous trichromats.
Dichromats. This class contains those whose colour vision is a function of two variables and may be subdivided into (a) protanopes, called red-blind by Helm holtz and red-green blind by Hering; (6) deuteranopes, called green-blind by Helmholtz and red-green blind by Hering; (c) tritanopes, called the blue-blind by Helmholtz and blue-yellow blind by Hering.
Monochromats. This class contains those whose colour vision is a function of one variable only.
T h e p r o p e r t i e s o f t h e i s o c o l o u r l i n e s
The classification given above states the essential difference between normal trichromatic and dichromatic vision. One very important similarity is that a colour match for the trichromat is always a colour match for the dichromat. This suggests that dichromatism is a reduced form of trichromatism and in terms of the Young-Helmholtz theory, which for trichromatic vision postulates three fundamental sensations which are excited in varying proportions by given stimuli, dichromatic vision may be caused by the following suggestions: (a) an entire absence of one sensation accompanied, perhaps, by a reduction or magnification of the other sensation; (6) a fusing of two sensations accom panied, perhaps, by a reduction or magnification in any of the sensations.
It has been shown (Helmholtz 1924; Pitt 1935) that if all the dichromatic colours are plotted on a colour diagram the colours which, at suitable luminosity, appear the same to the dichromat will lie on straight lines. These lines, called isocolour lines, will be referred to later. Figure 1 is a colour diagram in which the fundamental sensations R', G' and primaries. Let us now consider suggestion (a) above, which postulates the entire absence of a sensation, say R'. The fine R'G' represents a mixture of the colours which are seen at G' and R'; as R' is absent, this fine will be an representing the colour G'. Similarly, the line R'B' may be an isocolour line repre senting the colour B'. Any intermediate point, M, on the fine B'G' will represent a colour different from either B' or G' and an isocolour line radiating from this point must not cut either the G'R' line or the B'R' line. To fulfil this condition the isocolour lines must meet at the point R'. We may consider this from a different viewpoint. If all the isocolour lines meet at R', then R' represents a point where the dichromat would see his full gamut of colours; since he cannot do this, it is there fore obvious that the point R' cannot be seen by him. As a point plotted on a colour F ig u r e 1 diagram using one set of primaries will remain a point when plotted on another diagram using a different set of primaries, then the isocolour lines will always meet at a point which will represent the missing fundamental sensation (see figure 3 for example).
Let us now consider suggestion (6) above, which postulates the fusing of two sensations, say R' and G'. The line R'G' will be an iso-colour line and will be seen as a mixture of the colours R'G'. Any point, P, intermediate between the line R'G' and the point B', must represent a colour different from B' or , and an isocolour line radiating from this point must not pass through the point B' or cut the line R'G' or an extension of this line. It is therefore obvious that for this class of dichromat the isocolour lines must be parallel to the R'G' line.*
From the preceding deductions we may therefore state that the dichromatic isocolour lines when plotted in a colour diagram must either meet at a point which will represent the missing fundamental sensation, or they will all be parallel to the line which passes through the two points representing the two sensations which are fused. A more specialized form of this has been tested mathematically by Helmholtz (1924) . It was shown (Pitt 1935) how the dichromat sees his colours in relation to the trichromat; for the sake of completeness a brief description of the method adopted is described. In figure 2 the colour triangle for the normal trichromatic observer is plotted using red (0-65/6), green (0-53/6) and blue (0-46/6) primaries, the standard white (C.I.E. Illuminant B) being plotted as a star. W, the deuteranope, sees white as a spectral colour, which for the average is at A = 0-500/6, and therefore the straight line AWG in figure 2 represents a locus of deuteranopic white points, and is an isocolour line. The point G is represented by the equation 0-68012 + 0 -3 2 0 J5 .
From actual deuteranopic matches we know that in terms of equal but arbitrary luminosity units 0-500/6 = 32-2612+1-104B,
* Footnote added in proof. D r Mac Adam, of the E astm an K odak Laboratories, Rochester, in a private comm unication to the author has m ade the following statem ent:
' The argum ent m ight be generalised a little by not insisting on the requirem ent of perfect parallelism of th e iso-colour lines for deuteranopia. The argum ent is valid even although these lines are n o t exactly parallel in the working co-ordinate system used. I f such lines simply converge on a point a considerable distance from the domain representing real colours, a slightly different co-ordinate system can be found in which the corresponding lines are parallel.
' Since th e co-ordinate systems employed in colorim etry m ay be varied widely, each being a perspective view of each of the others, it is n o t necessary to insist on requirem ents which can be fulfilled or violated by slight differences in arbitrarily chosen system s. ' and therefore if the number of units of B in equation (2) is multiplied by 13-75 we obtain the same relation between the J?'s and JB's of equations (1) and (2) and thus establish a direct connexion. Corresponding points on the spectral locus and the R axis may be calculated and the line joining any two of these corresponding points represents a series of colours which, at suitable luminosity, appear to be the same to the deuteranope. The distance between the lines shown in figure 2 repre sents just one noticeable colour step to the deuteranope (see figure 11 ). Figure 3 shows a similar diagram plotted for the protanope. No such diagram is available for the tritanope. Protanopia According to their properties these isocolour lines, if extended, must either meet at a point or must be parallel. Figure 4 shows that, for the protanope, these lines meet at the point R' which is represented by the equation £'=1-06.8-0*06#.
For reasons already stated R' cannot be seen by the protanope and must be one of the fundamental sensations.
Deuteranopia
The isocolour lines of figure 2 do not seem to meet at a point. They are approxi mately parallel, sometimes converging, sometimes diverging, and for a band of eight lines, accurately parallel. On the average they are converging to a point beyond R' represented approximately by -8-5G + 9-5R. When it is remembered that the accuracy of the drawing of the isocolour lines depends on the accuracy of the measurement of the deuteranopic white point in the spectral locus, that the number of observers was only six, and that a difference of 1*5 (less than one colour step for the deuteranope at A = 0*500/^) in this white point would have rendered the line accurately parallel, it is reasonable to assume, especially as the lines, if converging, converge to a point which seems to be improbable for a funda mental sensation, that these lines are parallel. These lines will not meet at any finite point and therefore no fundamental sensation will be missing in the colour mechanism of the deuteranope. As the deuteranopes belong to a class whose colour vision is a function of two variables only, one is led to the conclusion that two of the fundamental sensations are identical, and from considerations of the position of the R' point and to the probable position of the G' point these must be the (red) and G' (green) sensations. 
Tritanopia
Cases of tritanopia are rare and the luminosity, colour-mixture, and huediscrimination data have not been accurately measured. Konig (1897 , teste Parsons 1924 , however, from an investigation of five pathological cases has published the following information:
(1) The subjects match yellow (0-566-0-570/6) with an unsaturated complemen tary blue.
(2) They confuse blue-green with blue.
(3) They confuse greenish yellow with grey and rose-purple.
(4) They confuse yellowish green with bluish violet.
(5) They confuse orange with reddish purple. (6) They have a neutral band in the yellow (0*568-0-598/6).
(7) The violet end of the spectrum appears colourless, though of good luminosity and without marked shortening.
(8) Yellow and blue can be matched with grey.
(9) There is no confusion between reds and green.
I shall assume as an hypothesis that tritanopia is a reduced form of trichromatism, an assumption which was also made by Konig, and which has already been proved in the other cases of dichromatism, deuteranopia and protanopia (Pitt 1935) . Of
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the above list, item (4) has special significance, as the colours referred to, namely, yellowish green (0-567-0578/^) and bluish violet (0-425-0-435/^), are spectral colours of narrow wave-length bands. If, therefore, the wave-lengths 0-572 and 0-43/j are cut by a straight line 1 7 (figure 5), it can be assumed that this line is a tritanopic isocolour fine. If a straight fine is drawn from the point through the point A = 0-40/£, this line will cut the isocolour line at a point which will be called 5 ', and which is represented by the equation
Now consider item (2). The fact that tritanopes confuse blue-green with blue, a wave-length band of approximately 0-510-0-435 means that another tritanopic isocolour line is running close to the spectral locus in this region, and a straight line from point B' passing through the point A = 0-510/^ fulfils this condition. The point B ' is beginning to assume the nature of a missing fundamental sensation but it has not been yet proved. Let us consider another point B" on the isocolour fine X Y represented by the equation
Now from item (9) it is known that the tritanope has good hue discrimination in the green-red region of the spectrum, and if, as there is good reason to suspect, the tritanopic colour system is the same as the trichromatic system with the fundamental blue sensation missing, the hue discrimination in this region will be as good as that of the trichromat. If follows that the tritanope will be able to detect differences of hue of the order of 2 m_/i (see figure 10) in the red-green region and the straight lines radiating from the point B" to the region at A = 0-53/^, which will also cut the spectral locus in the blue-violet region, would suggest at once that the tritanope has good hue discrimination in the blue, blue-violet and violet. From Konig's results it is known that to the tritanope the violet region appears colourless and that he confuses blues and blue-greens. Thus it is evident that even a small shift of the point 5 ' away from the spectral locus causes differ ences with the known facts to appear. If isocolour fines are drawn radiating from the point 5 ', the tritanopic white point is at A = 0-574 (Konig's white plotted in figure 5 is at the point represented by 0-2265 + 334(2 + 0-4425) and the rest of Konig's data not already discussed becomes quite evident. The magnitude of the 5 ' fundamental response curve is small compared with those of the and 5 ' (see figure 7) and it is not therefore expected that the tritanopic luminosity curve would be markedly shortened by its absence.
It can therefore be stated that, as the isocolour fines radiating from the point 5 ' accurately fulfil the requirements imposed by Konig's data, the point B' cannot be seen by the tritanope and must be one of the fundamental sensations.
T h e f u n d a m e n t a l r e s p o n s e c u r v e s Wright (1934) showed that it was possible to locate the fundamental sensations on a colour diagram using data obtained from adaptation experiments. With an improved technique Walters (1942) later showed that while it was possible from adaptation data to locate with good accuracy the 5 ' and O' fundamental sensations this was not so in the case of the B' fundamental sensation. Walters's results give:
R' = 1-06J? -0*066r,
G' = -T40i? + 2-40 (5a)
The value for R' is in perfect agreement with that given by equation fact that the two values were obtained using completely different techniques and two very different classes of observers enhances their validity.
It is unfortunate that the colour system of the deuteranope is not represented by a trichromatic system with the G' sensation missing have been possible to have located this sensation from deuteranopic data. It is known, however, that the protanopes and deuteranopes cannot discriminate colours from about A = 0*54/6 to the red end of the spectrum, which means that the B' sensation is missing from the red end of the spectrum. Therefore the straight line from the R' point passing through, say, wave-lengths 0*58-0*70/6 inclusive must pass through the G' point (figure 6). This line, which will be called the R'G' line, will pass very close to the G' point given by Walters's results. While, therefore, this value of G' is not wholly confirmed by deuteranopic or protanopic measure ments, it is certainly not invalidated and it will be assumed to represent the G' sensation.
Now consider the G'B' line. This passes very close to the spectral locus at A = 0*45/6, which means that at this point the amount of R' assumes its lowest value. Wright (1934) has noted that for this wave-length there is practically no change in colour when the eye is adapted to red, green or blue light. He states that, 'it is quite certain that blue and not violet is the fundamental stimulus. It is only necessary to adapt the eye to a red radiation and observe the great change that is produced in a test-colour at, say, 0*43/6 to prove that this radiation stimulates at least two responses.' Wright's assumption that, because the colour at A = 0*46/6 does not change as much as the colour at A = 0*43/6, therefore A = 0*46/6 represents a fundamental sensation is not true; his experiment, however, does show that more of the R' sensation is contained in the colour at A = 0*43/6 than in the colour at A = 0*46/6, and also that because this change is so marked the R'G' line must pass very close to the colour at A = 0*46/6 but yet not so close to the colour at A = 0*43/6. This fact helps to justify the position of B' and to a smaller extent the position of G'. Actually, from figure 7 the smallest amount of R', relative to G', is at A = 0*45/6. The R'G' line is represented by the equation (see figure 6 ) £ = -1*0241? +1*024, and it can be shown that as the point G' must contain a little of the B primary this point is more accurately represented by the equation
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G'= -l*38i? + 2*44£ -0*065.
Collecting our fundamental sensations from equations (3a), (36), (4) and (5) where 5 ' has been obtained from trichromatic and protanopic data, from tri chromatic data but slightly modified to suit deuteranopic and protanopic data, and 5 ' from tritanopic data.
As the relative luminosities of 5, G and 5 and the colour coefficients of the spectrum for the trichromat are known it is possible to calculate the fundamental response curves for the normal eye. For these calculations the standard visibility 
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F. H . G. P itt curve, as proposed by Gibson & Tyndall (1923) , was used. The response curves, for an equal energy spectrum, are shown in figure 7 . The colour triangle, plotted with reference to E', G' and B ' primaries, is shown in figure 8.
L u m in o s it y
It has been shown from the data of the isocolour charts that protanopia is caused by the absence of the E' sensation and that deuteranopia is caused by the E' and G' sensations becoming identical. This conclusion had already been reached by me (1935) curves and the sensation curves previously obtained by Wright. For completeness in this paper figure 9 shows the protanopic and deuteranopic luminosity curves with the correct relative values of LB> + LQ. superimposed on the former curve and the values of 1*3 LR> +0*75
LG>superimposed on the values show excellent agreement with the possible exception of a few points in the blue spectral region. As, however, luminosity values in this region vary consider ably even among so-called normal observers these differences are not unexpected; if the luminosity curve of either Dr W. D. Wright or the author, measured on the Wright colorimeter at the time when the dichromatic measurements were made, had been used for comparison instead of the standard luminosity curve, almost perfect agreement in the blue spectral region would have resulted. As the ratio of Lw to either LR> or LG, for the deuteranope cannot be accurately determined the curves for the deuteranope is given from A = 0-49/4 to A = 0-70/4. In this range the superimposed points fall accurately on the deuteranopic luminosity curve. The results tend to show that the G' response curve h relation to the R' response curve, and that the fused sensation of the deuteranope is a yellow at A = 0-588/4. Summing up it can be said that protanopic and deuter anopic luminosity data confirms that protanopia is caused by the absence of the R' sensation and that deuteranopia is caused by the fusing of the R' and G' sensa tions. As the tritanopic luminosity curve is not available no such confirmation can be obtained for this class of dichromat.
By the nature of the calculation of the response curves, these curves must add to give the normal trichromatic luminosity curve.
H ue discrimination
No adequate formula has yet been described which may be used to obtain huediscrimination data from the values of the fundamental response curves. For this purpose Helmholtz (1885), using an extension of Fechner's Law, has obtained a formula of the type K 2 (dS)2 = -3-and extensions of the Helmholtz theory have been given by Schrodinger (1920), Judd (1932 Judd ( , 1935 , Sinden (1937 Sinden ( , 1938 and Silberstein (1938) . The methods used to obtain these formulae, involving the properties of the differences of sensations, are open to criticism. It is possible, however, to estimate the probable shape of the hue-discrimination curve, without attempting to give actual values, by a survey of the response curves. In this light it is interesting to note that the maxi mum trichromatic hue discrimination at A = 0-59/4 (see figure 10 ) corresponds to the position of maximum of the R' response curve, the minimum at A = 0-54/4 corresponds to the maximum of the G' response curve, the maximum at A = 0-495/4 is probably caused by the influence of the introduction of the B' response curve, the minimum at A = 0-45/4 corresponds to the maximum of the B' response curve and the flattening of the R' response curve, and the secondary maximum at A = 0-44/4 is probably due to the relative increase of the sensation at this region. The response curves all progressively diminishing to zero from A = 0*44/4 to the violet end of the spectrum would account for the rapidly diminishing hue discrimination in this region, and the existence of what is virtually only one fundamental sensation in the region A = 0-66/4 to the red end of the spectrum would also account for the absence of hue discrimination in this region.
It is to be expected that the hue-discrimination curves of the dichromat would be less complex than that of the trichromat. For the protanope the secondary maximum at A = 0-44/4 (see figure 11) would disappear due to the absence of the Vol. 132. B.
fundamental R' sensation and the existence of what is virtually only one s from A = 053/4 to the red end of the spectrum would cause the absence of hue discrimination in this region. The maximum hue discrimination must occur between wave-lengths 0*45 and 0-53/4, and its appearance at A = 0-49/4 is quite feasible and suggested by the argument outlined for the trichromat. Wave-length (mfi.)
F ig u r e 10. Hue-discrim ination curve for normal observer (W right & P itt 1934).
F ig u r e 11. Mean hue-discrim ination curves from the results of six protanopes and six deuteranopes (P itt 1935) .
Similarly the shape and values of the deuteranopic hue-discrimination curve would closely follow those of the protanopic curve, although the removal of the secondary maximum at A = 0-44/4 would be caused by the fusing of the G and R' sensations and not by the absence of the R' sensation. The nature, and what may be termed the position in the spectrum, of the respective response curves for the protanope and deuteranope suggests the ability of the latter class to discrim inate more colours than the former, and the fact that the colour vision of the trichromat is a function of three variables as against the two variables of the dichromat suggest that observers of the former class would have better hue discrimination than either the protanope or deuteranope in the spectral region where the latter can discriminate colours. In a general way, therefore, the deuter anopic, protanopic and trichromatic hue-discrimination curves agree with the predicted value as suggested by the shape of response curves.
The tritanopic hue-discrimination curve is not, as far as I am aware, available. From the remarks previously made it is to be expected that when this curve is measured it will closely follow the trichromatic hue-discrimination curve in the region A = 0*54 to the red end of the spectrum. To a lesser extent this prediction may also be made from the previously quoted results of Konig.
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C o n n e x i o n b e t w e e n d e u t e r a n o p i c h u e -d i s c r i m i n a t i o n m e a s u r e m e n t s
AND TRICHROMATIC SATURATION MEASUREMENTS
It has been shown that the B' point will appear the same to the dichromat and the normal trichromat, and it has been calculated, from the deuteranopic lumino sity measurements and the fundamental response curves that the colour at A = 0-588//. will appear the same to both the deuteranope and the normal trichro mat. If, therefore, the number of just noticeable colour steps measured along the straight line joining the wave-lengths A = 0-43 // and A = 0-588// are measured this number should be the same for both deuteranope and trichromat. Martin & Warburton (1933) , using the same apparatus (Wright 1927) and the same viewing conditions as was used by the author for the dichromatic measurements, have measured the number of just noticeable colour steps from the spectral colours to white for the trichromat. For L.C.M. the number of steps from A = 0-43// to white is 22, and the number of steps from white to A = 0-588// is 11, making a total of 33 steps. For F.L.W. the number of steps from A = 0-43// to white is 19, and the number of steps from white to A = 0-588// is 10, making a total of 29. These results, when viewed in their correct perspective, are in excellent agreement with those of the average deuteranope who obtains 17 just noticeable colour steps from A = 0-43// to white, and 10 steps from white to A = 0-588// making a total of 27 steps. It has been shown that the fundamental sensations R', O' and B', which have been derived from trichromatic adaptation and dichromatic colour-mixture data, are not merely theoretical values created to solve the problems of the physicist. When all the sensations are present, the colour vision of the trichromat is repre sented and the phenomena of colour-mixture, luminosity, hue-discrimination, and to a lesser extent saturation and adaptation data is readily explained. When the R' sensation is missing the colour mechanism of the protanope is represented, when the B' sensation is missing the colour mechanism of the tritanope is sented, and when the R' and O' sensations become fused the deuteranope is represented and, where the data is available, the phenomena of colour mixture, luminosity, and hue discrimination is readily explained for all three classes of dichromat.
The main intention of this paper has been to establish the nature of dichromatic vision and its connexion with trichromatic vision, and the means by which this connexion has been obtained have been based on the facts of the mixture of pure colour stimuli, for both dichromatic and trichromatic observers, and the assump tion has been made that there are three fundamental responses which are stimu lated in varying proportions by given stimuli. In short the fundamental postulate of the Young-Helmholtz theory has been used to obtain a highly satisfactory explanation of the properties of dichromatic and trichromatic vision. As 4 theories are judged solely according to their efficiency as working hypotheses', there seems no reason to doubt that the Young-Helmholtz conception of colour vision is fundamentally correct. Granit (1941), using completely different methods, has reached the same conclusion, and has, indeed, stated it more positively.
A very noticeable feature, which has been remarked upon before, but due to its importance will be reiterated, is the essential difference between the B' and the O' and R' sensations. First, LR, and L a, are equal to within about 2 %, and each is approximately eighty times greater than LBr. Despite this marked inequality the effect of B' on a colour is of the same order as the effect of either O' or R '; for instance a white (SB) where L a> and LR> ar Lr > (or L a,) is 73 times greater than LB.. Secondly, the fusing of the R' and O' sensations suggests a link mechanism between these two sensations, and this also is borne out by Wright (1934) in his adaptation experiments, and is suggested by theories which tend to describe the evolution of the eye from primitive times (Parsons 1924) . Thirdly, and this may be of most importance to the physiologist, the absence of the R' sensation (protanopia) or the fusing of the R ' and O' sensation . (deuteranopia) are not accompanied by pathological disturbance in the eye, whereas the absence of the B' sensation (tritanopia) is almost invariably due to disease, usually detachment of the retina. In this latter connexion it is probable that the very few cases of tritanopia which have been reported where the eye is not diseased, are merely simulations of tritanopia caused by jaundice or sclerosis of the crystal line lens, or extremely dense macula pigmentation (Parsons 1924 
